Shubnikov-de Haas oscillations near the metal-insulator transition in a 
two-dimensional electron system in silicon 
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We have studied Shubnikov-de Haas oscillations in a two-dimensional electron system in silicon 
at low electron densities. Near the metal-insulator transition, only "spin" minima of the resistance 
at Landau-level filling factors v = 2, 6, 10, and 14 are seen, while the "cyclotron" minima at v = 4, 
8, and 12 disappear. A simple explanation of the observed behavior requires a giant enhancement 
of the spin splitting near the metal-insulator transition. 



PACS numbers: 71.30.+h, 73.40. Qv, 73.40.Hm 



There has been a lot of recent interest in the elec- 
tron properties of dilute two-dimensional (2D) systems, 
due in part to the observation of an unexpected metal- 
insulator transition in zero magnetic field 111; other puz- 
zling phenomena include the enormous response of these 
systems to external magnetic field, either perpendicu- 
lar M or parallel Mm- In particular, the perpendicular 
field drives a dilute 2D electron system in silicon metal- 
oxide-semiconductor field-effect transistors (MOSFETs) 
through a series of transitions between quantum Hall ef- 
fect (QHE) states at certain integer filling factors of Lan- 
dau levels, v, and insulating states between them, be- 
havior which is described in terms of the metal-insulator 
phase boundary which oscillates as a function of perpen- 
dicular magnetic field |jj. In this regime, the QHE min- 
ima of resistivity have only been seen H at filling factors 
v = 1, 2, 6, and 10, all of which (except for the one at 
v = 1) correspond to spin splittings between Landau lev- 
els |6| . No minima have been observed at cyclotron gaps 
(y = 4 or 8). This behavior is a puzzle, as the "cyclotron" 
minima of the Shubnikov-de Haas oscillations normally 
dominate in this 2D system at high electron densities. 

In the present paper, we report careful studies of how 
the Shubnikov-de Haas oscillations evolve as one ap- 
proaches the metal-insulator transition in a dilute high- 
mobility 2D system in silicon. We show that the "cy- 
clotron" minima gradually disappear near the transition, 
while the "spin" minima remain. Based on these data, 
we construct a Landau level fan diagram which maps out 
the positions of the resistance minima as a function of 
electron density and magnetic field in the (B,n s ) plane. 
Within the usual framework, cyclotron minima disappear 
if the upper spin sublevel of each Landau level coincides 
in energy with the lower spin sublevel of the next Lan- 
dau level (within the accuracy of the level broadening). 
This requires that, as one approaches the transition from 
the metallic side, the spin splittings grow by a factor 
of approximately five relative to their single-particle val- 



ues until they become nearly equal to hfl c and remain 
so down to the lowest electron densities (here J7 C is the 
cyclotron frequency). 

We used "split-gate" samples especially designed for 
measurements at low electron densities and low temper- 
atures, similar to those previously used in Ref. 0. In 
this paper we show results obtained on a sample with a 
peak mobility 2.3 x 10 4 cm 2 /Vs at 4.2 K which increased 
to 4.0 x 10 4 cm 2 /Vs a t 0.1 K. 

A typical curve taken at low temperature for the longi- 
tudinal resistance R xx vs perpendicular magnetic field B 
is shown in Fig. [y(a) for a relatively high electron density 
(well above the B — metal-insulator transition which 
in this sample occurs at n s = n c — 8 x 10 10 cm" 2 ). 
Shubnikov-de Haas oscillations are seen starting at a 
magnetic field of 0.4 Tesla, and their positions correspond 
to "cyclotron" filling factors, some of which are marked 
by arrows. The figure shows that the behavior of the sam- 
ple at a relatively high electron density is quite ordinary 
and confirms that this is a uniform and high-quality sam- 
ple. In contrast, at low electron density (just above the 
metal-insulator transition), the magnctorcsistance looks 
quite different as shown in Fig. 0(b) . A strong increase in 
the resistance at B > 0.8 Tesla is caused by the suppres- 
sion of the metallic behavior at B — (see Ref. fi ) ; at 
higher magnetic fields, its growth is overpowered by the 
QHE at v = 2 which results in a peak at B rs 1.3 Tesla 
and a minimum of the resistance at B « 1.8 Tesla. In 
agreement with earlier data 0, the resistance minima 
are seen only at v = 2, 6, and 10 (see the inset); there is 
also a minimum at v = 1 (not shown in the figure) corre- 
sponding to the valley splitting. There are neither dips 
nor other anomalies at magnetic fields where cyclotron 
minima are expected (y — 4, 8, or 12). 

Figure shows how the resistance minima correspond- 
ing to the cyclotron splittings gradually disappear as the 
electron density is reduced. At the highest electron densi- 
ties (the lower curves) , deep resistance minima near even 
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FIG. 1. Shubnikov-de Haas oscillations in the Si MOSFET at 
T ~ 40 mK (a) at a relatively high electron density n s = 
5.43 X 10 cm and (b) at low electron density n s — 
9.3 X 10 cm~ . The minima of the resistance at Landau level 
filling factors V = 6 and 10 are shown on an expanded scale in 
the inset. 

filling factors are seen (y — 4, 6, and 8 in Fig. |](a); 
v = 10, 12, and 16 in Fig. 2(b)), and a shallow minimum 
is visible at v = 14 in Fig. g(b). As n s is reduced, the 
minima at v = 4, 8, 12, and 16 become less deep, and at 
the lowest electron densities (the upper curves), neither 
of them is seen any longer, and only minima at v = 6, 
10, and 14 remain. 

The experimental findings are summarized in Fig. |3J, 
where we plot positions of the resistance minima in the 
(B,n s ) plane. The symbols are the experimental data 
and the lines are the expected positions of the cyclotron 
and spin minima calculated according to the formula 
n s = veB/ch. The value of the gate voltage, V g , at 
which the electron density is zero was determined from 
Shubnikov-de Haas oscillations in a wide range of electron 
densities up to 6 x 10 11 cm~ 2 . This value is in agreement 
with that obtained from low-temperature, low-field Hall 
resistance measurements which will be reported else- 
where B . One can see that the resistance minima corre- 
sponding to spin splittings (v = 2, 6, 10, 14) extend to 
much lower electron densities than the ones correspond- 
ing to cyclotron splittings {y = 4, 8, 12). In this paper, 



"O 
CD 



2 10' 



co 1 .5 10' 



_Q 
CO 

E 

-£= 

O 



1 10' 



g 5000 



1600 



"D 
CD 

4= 



To 1200 



800 



CO 

O 



" 400 




10.1 10 1G cm" 2 
13.8 10 ,0 cm 2 
15.3 10 10 cm 2 
16.8 10'° cm 2 
24.3 10 10 cm" 2 



FIG. 2. Evolution of the Shubnikov-de Haas oscillations with elec- 
tron density in two ranges of filling factors: (a) 3 < V < 9 and 
(b) 8 < V < 17; T ~ 40 mK. The curves are vertically shifted 
for clarity. 

we show only data obtained at electron densities above 
n c marked in the figure by the dotted line, although the 
minima at v — 2 and 6 do not disappear even when the 
2D system becomes strongly localized at B = || (i.e., 
below the dotted line). 

At high electron densities, the energy splittings A c at 
"cyclotron" filling factors (y = 4, 8, 12... = 4i where 
i = 1, 2, 3...) in Si MOSFETs arc much larger than 
the spin splittings A s corresponding to filling factors 
v = 2, 6, 10... = 4i — 2. This is shown schemat- 
ically in the upper part of Fig. [| (the valley split- 
ting, which is not seen in weak magnetic fields at 
low electron densities, has been ignored). Using the 
effective mass m = 0.19 m e and the Lande (/-factor 
g = 2, one obtains A s = q^bB « 0.12 meV/Tesla 
and A c = Ml c — g/J-sB w 0.50 meV/Tesla (here m e is 
the free-electron mass and fj,B is the Bohr magneton). 
Therefore, in the same magnetic field, A s is expected 
to be approximately four times smaller than A c , and 
the Shubnikov-de Haas minima at v — Ai should be 
much deeper than the minima at v — Ai — 2. Our 
results clearly show that as one approaches the metal- 
insulator transition, the situation reverses; A c becomes 
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FIG. 3. Positions of the Shubnikov-de Haas oscillation minima 
in the (B,n s ) plane (dots) and the expected positions of the 
cyclotron and spin minima calculated according to the formula 
n s = veB/ch (solid lines). The dotted horizontal line cor- 
responds to the critical electron density for the B = metal- 
insulator transition. The upper part of the figure shows the level 
structure in a Si MOSFET (the valley splittings have been ignored). 

smaller than A s and eventually vanishes. The condition 
for vanishing A c is gj-isB = hfl c (within the uncertainty 
associated with the broadening of the energy levels), or 
gm/2m e = 1, which is higher by more than a factor of five 
than the "normal" value of this ratio, gm/2m e = 0.19. 

One can attempt to link the observed behavior to a 
many-body enhancement of spin gaps; in fact, it has been 
known since early magnetotransport studies of Ref. flCf l 
that the spin gaps exceed the single-particle Zeeman en- 
ergy. The enhancement of the spin gaps has been ex- 
plained 1 11 1 in terms of an additional Coulomb exchange 
energy E ee ~ e 2 /eZs that is necessary for creating a spin 
flip excitation; this has been expressed in terms of an ef- 
fective exchange-enhanced g- factor, g = go + Ag (here e is 
the dielectric constant, Is = {Tic/eB) 1 / 2 is the magnetic 
length, and 50 = 2 in Si MOSFETs). The increment Ag 
oscillates in a perpendicular magnetic field between its 
maximum value, Ag max , reached when the Fermi level 
lies in the middle of the spin gaps (v = 4f — 2), and zero 
when it is outside of the spin gaps. The maximum values 
of Ag depend on magnetic field as 



A ffmax «(^B)- 1 cxB- 1 / 2 . 



(1) 



At a fixed Landau-level filling factor v — 2-nl' 1 B n a = 4i — 2, 
this relation can be written as a function of the electron 
density as 



Therefore, as n s (for a fixed filling factor) or B is de- 
creased, g max should increase 0,ng]. 

The disappearance of the cyclotron splittings in a wide 
range of magnetic fields, observed in our experiment, 
requires an enhanced g-factor which is independent of 
magnetic field, in contradiction with Eq. (|l|). Further- 
more, according to Ref. fl2|j , all energy gaps including 
A c , rather than only spin gaps, should be many-body 
enhanced by approximately the same amount E ee when 
the Fermi level lies in the middle of the gaps. This makes 
the mechanism considered above for the disappearance of 
the cyclotron gaps even less plausible. 

On the other hand, our results seem consistent with 
the suggestion |13| that in relatively low magnetic fields, 
of the order of those used in our experiment, the average 
g-factor is nearly field-independent and approximately 
equal to its many-body enhanced zero-field value. In ex- 
periments |lfj| , |l3| , the g-factor was measured by a com- 
parative determination of spin gaps using tilted magnetic 
fields (the so-called beating pattern method which yields 
some average g-factor between go and g max ). In Ref- |a , 
an empirical relation between n s and the ratio gm/2m e 
was established and it was shown that the latter is ap- 

— 1/2 

proximately proportional to n s ■ Extrapolating this 
relation to n s = 1 x 10 11 cm~ 2 , one obtains the ratio 
gm/2m e ss 0.6 which is still not large enough for the cy- 
clotron splittings to disappear. The appreciably higher 
ratio gm/2m e ~ 1 necessary to explain our results at 
n s ~ 10 11 cm~ 2 suggests that the g-factor grows more 
rapidly with decreasing electron density in the vicinity of 
the metal-insulator transition. The enhancement of the 
g-factor at low electron densities due to electron-electron 
interactions is expected within Fermi- liquid theory p4[ , 
although it is not known whether it can be as large as we 
report in this paper (a factor of ~ 5). It is also unclear 
why, once the spin splittings reach ~ hQ c , they remain 
so down to the lowest electron densities. 

In summary, we have shown that in a low-density 2D 
electron system in silicon, the Shubnikov-de Haas oscil- 
lation minima corresponding to the cyclotron splittings 
disappear as one approaches the metal-insulator transi- 
tion, and only spin minima survive. This behavior is ob- 
served in a rather broad range of magnetic fields. Within 
the usual theoretical framework, this requires an unex- 
pectedly strong enhancement of the g-factor at electron 
densities close to n c . 
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